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Lagoon systems are commonly used in small communities for domestic wastewater 
treatment. These systems are simple and economical to operate, and are often appropriate 
for use in areas where land costs are low. Lagoons are effective in removing conventional 
pollutants under warm-weather conditions; however, biochemical nitrification is hindered 
in suspended-growth lagoons during periods of extended cold weather. Attached-growth 
nitrification systems, as compared to suspended-growth systems, have been reported to 
yield improved biochemical nitrification under cold-weather conditions. In this work we 
investigated a new type of biochemical nitrification reactor (i.e., BOBBER) that includes 
increased surface areas to promote development of attached-growth nitrifying communities 
has applied to an aerobic lagoon system at Wingate, IN. Results of monitoring of this 
system have indicated improvements in oxidation of ammonia-N, especially during winter 
months. 
To examine the behavior of this system in a more controlled setting, two laboratory-
scale mini-BOBBER systems were installed in a temperature-controlled room. The 
systems were treated with an ammonium chloride feed solution, and allowed to approach 




experiments were conducted at temperatures of 20 °C and 5 °C to investigate the 
relationship between nitrification rate and ammonia-N concentration. Concentrations of 
nitrate, nitrite, pH and other process variables were measured daily during these 
experiments. These results were analyzed to quantify ammonia-N removal rates. Similar 
calculations were applied to the data from the full-scale lagoon system at Wingate. 
Ammonia-N removal in the laboratory-scale lagoon system always exceeded 95%, 
even when at temperatures of 4.6 °C. However, the full-scale lagoon system was not as 
effective, with ammonia-N removal of approximately 74% at the same temperature. 
Possible explanations for these differences in behavior include: competition from 
heterotrophs, relatively low influent ammonia-loading into Wingate second lagoon, and a 
relatively small population of nitrifying bacteria at Wingate. 
At 20 °C, the results from batch experiments indicated ammonia-N removal rates 
of approximately 157 mg/m2/hour, while the removal rate at 5 °C was roughly 37 
mg/m2/hour. Results from the batch experiments indicated that the ammonia-N removal 
rate was zero-order with respect to ammonia-N concentration and was highly temperature-
dependent. 
Collectively, these findings suggest that it is possible to maintain effective 
biochemical nitrification in attached-growth systems even under cold-weather conditions. 
Satisfactory performance of these systems will depend on hydraulic design and N loading 





CHAPTER 1. LITERATURE REVIEW 
1.1 Nitrogen in the Environment 
1.1.1 Nitrogen cycle 
In nature, most nitrogen is stored in the atmosphere as molecular nitrogen (N2), 
which is chemically inert and unable to be utilized by most living forms. And there are 
many other forms of nitrogen, which can convert from one form to another as illustrated in 
Figure 1.1. 
A few specialized organisms can conduct biological nitrogen fixation to yield 
organic-N. N2 fixation is also important in industrial production. 
Both ammonia-N and nitrate-N can be assimilated by plants and algae and convert 
to organic-N. Organic nitrogen in excretions and degraded animals and plant tissues can 
be converted to ammonia-N through biologically-mediated decomposition. 
Ammonia-N can be oxidized to nitrite-N and then nitrate-N by various species of 
nitrifying bacteria; this process is referred to as nitrification. Nitrate-N can also be reduced 
to ammonia-N for assimilation. Various types of bacteria can convert nitrate-N and nitrite-






Figure 1.1. The nitrogen cycle (adapted from [1]). 
1.1.2 Ammonia-N in the Environment 
Ammonia-N sources in nature can be divided into two major types: natural sources 
and artificial sources. Natural sources of ammonia-N include the decomposition of organic 
matter, animal waste, and nitrogen fixation [2]. Artificial sources can be agricultural and 




and includes anhydrous ammonia, ammonium phosphates, urea, ammonium nitrates, and 
other nitrogen compounds [3]. In industry, ammonia is used to produce chemical 
compounds directly and indirectly, such as the production of plastics and fibers, 
manufacture of organic nitrogen compounds and inorganic compounds [4]. 
1.1.3 Ammonia-N as a pollutant in environment 
In the environment, ammonia-N is an important pollutant, both because it expresses 
toxicity toward aquatic organisms, and because of its ability to contribute to the 
eutrophication and hypoxia. 
Several mechanisms of toxicity expression by unionized ammonia on aquatic 
animals have been identified and include: (1) damage to gill epithelium and gill tissues; (2) 
reduction of blood oxygen-carrying capacity; (3) inhibition of adenosine triphosphate 
(ATP) production; (4) depletion of ATP; and (5) disruption of liver and kidney function 
[2].  
Besides toxicity, eutrophication in surface water systems is also an issue caused by 
nitrogen. Phosphorus and nitrogen often represent growth-limiting nutrients for algae. As 
such, addition of P or N to surface waters can promote eutrophication [5]. If excess amounts 
of these nutrients enter a surface water system, algal blooms could result, thereby leading 
to dissolved oxygen depletion and accumulation of organic materials in the surface water 
system [6]. As a result, eutrophication may change ecosystem structure, and wipe out the 
species that are intolerant of low oxygen concentration [6]. Hypoxia, which may be viewed 




the mass production of algae due to introduction of nutrients, including P and N in the 
aquatic environment [7]. Consequently, control of nitrogen discharge into aquatic systems 
has become an important mission of wastewater treatment and its regulation [2], including 
discharges from small facilities. 
1.2 Biochemical Nitrification 
Biochemical nitrification (hereafter referred to as nitrification) converts NH3 to 
NO3 and is the most commonly applied method for control of ammonia-N. Nitrification is 
a two-step process in which ammonia is first oxidized to nitrite, then nitrate through a series 
of biochemical reactions. Nitrification is an important part of contemporary wastewater 
treatment processes. 
1.2.1 Nitrifying Bacteria 
In spite of the fact that nitrification can be accomplished by many species of 
heterotrophic and autotrophic bacteria, the major nitrifiers in wastewater treatment systems 
are considered to be Nitrosomonas and Nitrobacter, which are autotrophic bacteria [8]. 
Nitrosomonas takes the first step to convert ammonium to nitrite through a relatively 
complex series of reactions; Eq. (1) shows a proposed stoichiometric equation for this 
process. The second step, which results in oxidation of nitrite to nitrate, is performed by 
Nitrobacter as shown by the stoichiometric relationship in Eq. (2) [1]. 
55NH4
++76O2+109HCO3
- Nitrosomonas→        C5H7O2N+54NO2
-











→      400NO3
-
+C5H7O2N+3H2O          (2) 
According to the two equations above, alkalinity and oxygen are consumed in the 
nitrification process, and inorganic carbon is used as carbon source for growth. In addition, 
Nitrosomonas and Nitrobacter can also use small amounts of exogenous organic material 
as a carbon source [9]. Besides the need of energy, the demand for the biomass synthesis 
will also consume a portion of the ammonia-N. Ammonia-N required for cell synthesis has 
been reported to be less than 2% of the total ammonia-N processed by nitrifiers [10]. 
Therefore, the stoichiometric relationships provided in Eq. (1) and Eq. (2) provide a 
representative description of the chemical changes that accompany nitrification.  
1.2.2 Nitrification Kinetics 
Eq. (3) (Monod Equation) is widely accepted as a mathematical model for 
describing the dependence of microbial growth rate on the concentration of a growth-





          (3) 
Where: S = the growth limiting substrate concentration (mg/L), μ = the specific 
microorganism growth rate (day-1), KS = half velocity constant (mg/L), μmax = the 
maximum specific microorganism growth rate (day-1). 
In an aquatic environment with sufficient oxygen and trace nutrients, the growth-
limiting substrates for Nitrosomonas and Nitrobacter are NH4
+ and NO2
-, respectively. The 




would be achieved when the substrate concentration is high, relative to KS. In suspended-
growth systems, μmax will also determine the minimum mean residence time for which 
washout of the nitrifying bacteria will occur. The maximum growth rate is an important 
parameter which will affect the designed nitrification capacity of a wastewater treatment 
plant, as well as the simulation of a nitrifying process using the Monod Equation. The half 
velocity constant (KS) represents the growth-limiting substrate concentration that 
corresponds to a specific growth rate that is half of the maximum growth rate. When KS is 
small, relative to the substrate concentration S, the specific growth rate will be independent 
of S and become zero-order. On the other hand, when the substrate concentration is small 
relative to KS, the growth rate will be first-order with respect to S. Table 1.1 gives reported 















Table 1.1. Monod Equation parameters for Mixed Cultures Oxidizing Ammonia and 
Nitrite Nitrogen at 20 °C. 
Substrate type μmax (hour
-1) 
KS (mg/L as 
Nitrogen) 
Reference 
NH3-N 0.022 3.6 
[11] 
NO2
--N 0.017 1.1 
NH3-N 0.014 1.0 
[12] 
NO2
--N 0.006 2.1 
NH3-N 0.027 0.6 
[13] 
NO2
--N 0.035 1.9 
 
In nitrification, the substrate removal rate can be used directly to judge the 
efficiency of nitrification. A transformed Monod equation described in Eq. (4) was 







      (4) 
Where: R = Substrate removal rate (mg/L/day), X = Concentration of active biomass (mg 
cell/L), YS = True yield for cell synthesis (mg cell/mg substrate). The X quantifies the 
active cells which can conduct synthesis process. And the YS quantifies the substrate 




1.2.3 Factors Affecting Nitrification 
Nitrifying bacteria tend to be easily influenced by various environmental factors 
including dissolved oxygen concentration, temperature, pH, and presence of inhibitors [1]. 
This heightened sensitivity, relative to heterotrophic bacteria, has important implications 
with respect to nitrification systems for wastewater treatment. 
 Effect of dissolved oxygen (DO) 
Since nitrification is an oxygen demanding process, dissolved oxygen must be 
provided to support it. According to Eq. (1) and Eq. (2), the oxygen requirement is 3.16 
mg O2/mg NH3-N and 1.11 mg O2/mg NO2
--N, resulting a total oxygen requirement of 4.27 
mg O2/mg N. Therefore, DO can become a growth-limiting substrate, rather than ammonia-
N, if the DO concentration is sufficiently low [16]. The conventional Monod equation can 







      (5) 
Where: KO = the half saturation constant of dissolved oxygen (mg/L), SO = dissolved 
oxygen concentration (mg/L). 
Unlike ammonia-N, which can exist in water in an ionic form and can be present at 
a sufficiently high concentration to inhibit nitrification, dissolved oxygen has limited 
solubility and will not inhibit nitrification, even under conditions of saturation [17]. 
Saturation (equilibrium) dissolved oxygen concentration is temperature dependent; 
equilibrium dissolved oxygen concentration decreases as temperature increases, as shown 





Figure 1.2. Equilibrium dissolved oxygen concentration as a function of temperature. 
 
In order to define how low dissolved oxygen will influence nitrification rate, some 
researchers explored the nitrification rate under low dissolved oxygen concentration and 
found that dissolved oxygen as low as 0.5 mg/L does not affect nitrification in a pure 
culture suspended-growth nitrification system [16] [19]. 
 Effect of pH 
According to Eq. (1) and Eq. (2), pH should decrease as a result of nitrification. 
However, nitrifiers from enrichment cultures are very sensitive to pH. Nitrosomonas 
achieves the fastest ammonia oxidization rate for pH 7.0 - 8.0, while Nitrobacter 























cultures, the effect of pH on nitrification is less crucial [1]. Though a wide range of pH 
conditions under which nitrification occurs have been reported, most researchers agree that 
the nitrification rate decreases as pH drops from the best pH range [21]. The high sensitivity 
of nitrification to pH can be explained by the dependence of free ammonia on pH. 
Ammonia mono-oxygenase was proposed to catalyze the nitrification in Nitrosomonas 
strains and free ammonia is the main reactant [22]. And the acid-base reaction for ammonia 
is depicted by Eq. (6): 
𝑁𝐻4
+ ↔ 𝑁𝐻3 + 𝐻
+ (6) 
As an acid-base reactions, equilibrium conditions are established instantaneously, and are 
governed by pH. When pH drops, the equilibrium in Eq. (6) moves left and the amount of 
free ammonia reduces. As a consequence, the nitrification rate decreases. 
 Effect of temperature 
Nitrifying bacteria are strongly affected by temperature for the range of conditions 
that are representative of summer to winter in areas with temperate climates. A general 
equation for maximum growth rate at different temperatures was established by 





∙exp[Km(T-15)]     (7) 
Where: μmax,T = the maximum specific growth rate at temperature T (day
-1), Km = constant 
of temperature change for maximum growth rate ( °C-1). The reported values of Km for 
Nitrosomonas range from 0.095 to 0.12 °C-1, while the reported range for Nitrobacter is 




Furthermore, Eq. (8) describes the change of half velocity constant KS caused by 
temperature changes [24]: 
KS, T=KS,15∙exp[Khalf(T-15)]      (8) 
Where: KS,T = half velocity constant for growth limiting substrate S at temperature T 
(mg/L), Khalf = constant of temperature change for half velocity constant ( °C
-1). The KS,15 
value has been reported to be 0.405 mg/L for Nitrosomonas and 0.625 mg/L for Nitrobacter, 
while the Khalf value was reported to be 0.118 °C
-1 for Nitrosomonas and 0.146 °C-1 for 
Nitrobacter.  
Unlike heterotrophic microorganisms, which will shift to a more psychrophilic 
population that has only slightly longer generation time, nitrifying bacteria shows no 
analogous population shift [25]. Therefore, essentially the same organisms are responsible 
for nitrification both at 30 °C and 5 °C [25]. The minimum generation time for nitrifying 
bacteria at 5 °C is more than 10 times of the same population at 30 °C [26].   
Past studies of suspended-growth treatment systems have shown that little growth 
of nitrifying bacteria occurs below 5 °C [27].  However, some researchers have found good 
nitrification rates with suspended-growth system under 5 °C [28]. According to Rittmann 
& Snoeyink’s work, the above inconsistency in the ammonia removal rate at low 
temperatures is based on the capacity of nitrification system, which has different ammonia 
loadings and different retention time [29].  
Ammonia removal by immobilized nitrifiers has been demonstrated to be less 
sensitive to temperature changes than suspended-growth nitrifying bacteria due to lower 




systems, attached-growth nitrifiers have greater potential for ammonia removal in cold 
climate regions. 
 Effects of inhibitors 
The composition of typical municipal wastewater tends to be complex. Some of the 
compounds in wastewater can inhibit nitrification. Inhibitors can include substrates or 
products of the nitrification process, and studies have shown that the substrates or the 
products at high concentration will decrease the activity of nitrifiers, both in pure culture 
and mixed culture systems [1].  
Heavy metals have been found to have great effect on pure culture nitrifiers [30], 
while their effects can decrease in mixed-culture systems because some metals can form 
complexes with organic matter, thereby making them less bioavailable. On the other hand, 
nitrification can be inhibited by metal-chelating compounds since some metals are required 
in the activation of enzymes [31].  
 Effects of organic loading 
Organics can also affect the behavior of nitrifiers. Some organic compounds display 
direct inhibition of nitrifiers, such as methyl isothiocyanate, which can inhibit activated 
sludge nitrification at a concentration of 0.8 mg/L, sodium methyl dithiocarbamate at 0.9 
mg/L, thioacetamide at 0.53 mg/L, etc. [31]. 
More generally, organic matter can inhibit nitrification indirectly, such as through 
a decrease in dissolved oxygen concentration.  The oxidation of organic matter by 




especially in a biofilm, and reduction of nitrification rate [32].  
Increases of organic loading can allow heterotrophic bacteria to flourish, and 
competition will appear between nitrifiers and heterotrophic bacteria for nutrients and 
growing space, especially in attached-growth systems. Ohashi et al found the proportion of 
nitrifiers in a population to decrease with increasing carbon to nitrogen (C/N) ratio [33]. A 
reduction of nitrifying bacteria accumulation was observed as a result of high C/N ratio 
influent, which implies that nitrifiers need a longer time to grow before they are present in 
sufficient numbers to perform nitrification [34]. 
1.3 Suspended-growth and Attached-growth Treatment Systems 
1.3.1 Suspended-growth Treatment Systems 
Suspended-growth treatment systems depend on suspended, mobile 
microorganisms to accomplish substrate uptake and utilization. Generally, there are two 
types of conventional suspended-growth treatment systems: lagoon systems (facultative 
and aerated) and activated sludge systems.  
 Lagoon systems 
Treatment lagoons are often used for wastewater treatment in rural areas, in part 
because lagoons have a relatively large footprint, and land tends to be available and 
inexpensive in these areas. Aerated lagoons are operated under continuous influent and 




lagoon systems are simple to operate, as compared to “mechanical” systems (less control 
is required, i.e., no sludge recycle is required compared to activated sludge). Lagoon 
systems tend to do a good job dealing with removal of conventional pollutants such as 
suspended solids (TSS) and carbonaceous biochemical oxygen demand (CBOD), even in 
cold climates. However, nitrification in lagoons has been reported to be slow and less 
reliable than in conventional suspended-growth (mechanical) systems during periods of 
extended cold weather [27, 35, 36]. Similar observations have also been reported at the 
Wingate treatment lagoon [37]. 
 Activated sludge systems 
Compared to lagoon systems, activated sludge systems are more frequently applied 
by wastewater treatment facilities in urban areas.  Many examples of suspended-growth 
systems exist; among these are single-stage and two-stage activated sludge systems. The 
major difference between them is whether to remove CBOD and ammonia-N separately.  
A single-stage system (including aeration tank, clarifier, and sludge recycle) 
removes CBOD and ammonia-N in the same stage. Sludge recycle is used to promote 
accumulation of slow-growing nitrifying bacteria in the system. 
Two-stage activated sludge systems remove CBOD and ammonia-N separately. 
CBOD is treated in the first stage with a high carbon oxidation rate, and ammonia-N is 
treated in the second stage with a relatively low ammonia-N oxidation rate. The relatively 
low rate of ammonia-N oxidation is contributable to the low growth rate and growth yield 
of nitrifying bacteria compared to carbon oxidizing bacteria [38]. A strength of the two-




dealing with ammonia-N [32-34]. However, the more complicated techniques always 
accompany with higher expense and more human operation, as compared to one-stage 
activated sludge systems.  
1.3.2 Attached-growth Treatment System 
Attached-growth systems, just as their name implies, are systems in which 
microorganisms are growing and colonizing on attached media surfaces. Attachment can 
provide protection from predation and harmful compounds in the aquatic environment 
providing  a competitive advantage over the unprotected suspended bacteria [39]. Since 
nitrifiers in attached-growth systems are protected, attached-growth systems have been 
applied under many tough conditions. For example, attached-growth nitrification has been 
proven to have better ammonia-N removal rate under low temperatures, as discussed in 
1.2.3.3. Attached-growth systems have also been proven to perform nitrification efficiently 
under low pH conditions [40]. 
However, attached-growth systems are affected by the inner biofilm competition 
with heterotrophs. When a biofilm is fully established, competition for substrates and 
spaces between different species will start [39]. In attached-growth nitrification systems, 
the existence of heterotrophs and organic matter can help nitrifying bacteria to attach to 
surfaces [41]. On the other hand, when the organic loading is too high, the high C/N ratio 





Several attached-growth technologies have been applied so far, such as: trickling 
filters; rotating biological contactors (RBC); biological aerated filtration (BAF); moving-
bed biofilm reactors (MBBR) [1, 42, 43]. MBBRs and BAFs have been reported to be more 
efficient than RBCs and trickling filters [43]. Furthermore, MBBRs are more popular in 





CHAPTER 2. PROJECT INTRODUCTION 
2.1 Treatment Lagoon System at Wingate 
The wastewater treatment system for the town of Wingate, IN was built in 1984 
with the support of a construction grant. The system is located roughly 1.2 miles northeast 
of the town (see Figure 2.1, modified from google map). The wastewater system involves 
a three-cell aerated lagoon, with discharge of treated water to Charles Ludlow Ditch. The 






Figure 2.1. Lagoon system at Wingate. Inset photo is a zoomed aerial image of the 
Wingate lagoons, in their original configuration. 
 
The Wingate facility, in its original configuration, accomplished effective removal 
of CBOD and TSS [37]. However, as treatment of non-conventional pollutant, ammonia-
N treatment has started to be required by EPA and state regulatory agencies in small 
wastewater treatment facilities, many of which are similar to the Wingate facility [44]. 
According to the latest NPDES permit, the discharge limitation of Wingate facility on 




Wingate was irregular and poor, particularly during periods of extended cold weather (see 
Figure 2.2). 
To accomplish the ammonia-N removal requirement, construction of a new 
mechanical plant or upgrade of existing facilities are the two most likely options for these 
small WWTPs. However, the large capital investment required for a new mechanical plant 
is outside budgets of most small communities. As a result, upgrading existing facilities 
represents a promising solution because of comparatively low costs associated with 
construction, operation, and energy consumption. As discussed in Chapter 1, attached-
growth nitrification has been reported to be less temperature sensitive than suspended-
growth nitrification systems [25, 46, 47]. As such, the development of attached-growth 
systems for nitrification represents a potentially viable alternative for small WWTPs such 
as Wingate wastewater treatment facility. Therefore, in 2011, six floating biochemical 
reactors (“BOBBER,” provided by Bradley Environmental, see Figure 2.3) were installed. 
In each BOBBER, water is drawn from the lagoon through an “8” port using a 1-HP pump. 
Water is circulated aggressively within the spherical BOBBER to promote mixing and 
growth of attached-growth community on a high specific surface area medium that is 
packed into the BOBBER cavity. Water is then discharged back into the lagoon through 8 
radially-oriented PVC pipes (see Figure 2.3). 
BOBBERs are filled with a media (see Figure 2.4) that has high specific surface 
area for microorganisms to attach to. Kaldnes K1 media, produced by Evolution Aqua, is 
the default medium for use in these systems. This medium has a specific surface area of 




specific surface area of 750 m2/m3 (see Figure 2.4). 
Figure 2.2 gives the influent and effluent ammonia-N concentration, as well as 
water temperature and air temperature, during the period from 2010 to 2013. In 2010-2011 
effluent ammonia-N concentration increased with decreasing winter temperatures and the 
temperature dropped to roughly 5 °C. The peak effluent ammonia concentration in the 
winter of 2010-2011 was roughly 3 times the discharge limit and the mean ammonia-N 
removal rate decreased roughly 75%. In 2012 the BOBBER system was installed and the 
ammonia-N concentration decreased substantially during the winter of 2011-2012. 
However, compared to the previous winter in 2010-2011, the relatively warm temperature 






Figure 2.2. Influent and effluent ammonia-N (left vertical axis) at the Wingate WWTP as    
a function of time (top panel). Superimposed on the top panel are onsite data of air and 
water temperature (right vertical axis). Bottom panel illustrates the difference between 






Figure 2.3. Digital image of “BOBBER” reactor (Left) and on-site “BOBBER” reactor at 





Figure 2.4. Kaldnes K1 and RK media, provided by Bradley Environmental. 
2.2 Research Objective 
Attached-growth systems appear to be less sensitive to cold weather conditions than 
suspended-growth systems. As such, these systems may represent a viable alternative for 
ammonia-N control in small wastewater treatment facilities. Therefore, in order to have a 
better understanding of attached-growth nitrification in lagoon systems, a laboratory-scale 
lagoon system was installed in the Environmental Engineering Laboratories at Purdue 
University. In addition, a series of attached-growth batch experiments were conducted. The 
objectives of this study were to: 




i. Compare nitrification behavior at low temperature in real lagoon system using 
full-scale BOBBER reactors with a laboratory-scale lagoon system using mini 
BOBBER reactors. 
ii. Investigate nitrification behavior under pure ammonia-N feeding without 
carbon sources. 
iii. Investigate the relationships between ammonia-N removal rate and ammonia-





CHAPTER 3. METHODS AND MATERIALS 
3.1 Experimental Design and Procedures 
In this research, a series of mini BOBBER experiments and attached-growth batch 
experiments were carried out. The mini BOBBER systems were operated to simulate the 
nitrification process at the Wingate lagoon system, and the attached-growth batch 
experiments were designed to investigate the attached-growth ammonia-N removal rate 
based on substrate concentration at different temperatures. Both types of media used in 
these experiments were suspended at Wingate second lagoon for 2 weeks to establish the 
nitrifier attached communities. 
3.1.1 Mini BOBBER Experiments 
In order to simulate the nitrification process at Wingate, two mini BOBBER 
systems provided by Bradley Environmental were installed in a temperature controlled 
room. Temperature in the room could be controlled in the range of 0 °C – 25 °C with the 
variability controlled in 0.5 °C. The reactors were operated under the identical conditions, 
in terms of reactor volume, temperature, influent composition, influent flow rate and 
discharge rate, aeration rate, etc. BOBBER system 1 was operated with Kaldnes K1 media 
with a specific surface area of 300 m2/m3 while the BOBBER system 2 was operated with 




operated for 101 days with 4 temperature stages (20 °C, 15 °C, 10 °C, and 5 °C). For each 
temperature stage, the performance of the system was allowed to approach a steady-state 
condition. Figure 3.1 is a schematic illustration of the setup of the mini BOBBER 
experiments. 
 
Figure 3.1. Schematic of mini BOBBER experiments. 
 
Synthetic wastewater (SWW) from the influent tank was pumped into two tanks 
that included BOBBER reactors (See Figure 3.2 (a)) at a fixed flow rate (24.5 mL/min). 
This flow rate was chosen to provide a hydraulic retention time of 14 days, which is 
representative of the operation of the Wingate lagoon system. In order to keep influent and 
discharge flow rate the same, the treated water was designed to overflow through a PVC 




The mini BOBBER reactor is pictured in Figure 3.2 (b). There were two air supplies: 
air supply #1 provided aeration and drew water into the circulating part from the inlet at 
the bottom; air supply #2 promoted circulation of water and media in the mini BOBBER 
reactor. Both air supplies promoted O2 transfer, which was needed to offset O2 demand that 
was attributable to the influent ammonia-N.  Water was designed to spray out from outlet 
on the top of mini BOBBER reactor. 
  
Figure 3.2. Image of experiment design (a) Left, image of lab-scale lagoon system; (b) 
Right, image of mini BOBBER reactor. 
 
Experiments with the mini-BOBBER systems were conducted as follows: 
1. Each tank was filled with 500 L synthetic wastewater (SWW, composition defined 





2. Both types of media were inoculated with a mixed culture of bacteria from the 
Wingate secondary lagoon, and subsequently the inoculated media (3.78 Liters of 
media per tank) were placed in the two BOBBER reactors. 
3. The influent tank was filled with SWW (Roughly 70 L per day) for a whole day before 
service, and the peristaltic pump was set at the flow rate of 24.5 mL/min. Water 
samples in influent tank and both mini BOBBER tanks were taken periodically to 
measure pH, temperature, DO, ammonia-N, nitrite-N, and nitrate-N. 
4. When the system had been operated under steady-state at 20 °C for 2 weeks, the 
temperature was decreased to 15 °C. Then, following similar steps, the system was 
subsequently decreased to 10 °C and 5 °C, respectively. 
5. The system was operated at 5 °C for 46 days. 
3.1.2 Attached-growth Batch Experiments 
The schematic design of batch experiments was quite simple (See Figure 3.3). 6 L 
SWW was added to each pail along with a specific volume of inoculated media. A magnetic 
stir bar was put at the bottom of each pail to promote mixing. Additionally, air was pumped 
into the systems at a fixed flow rate (1L air/min) from a compressed air supply. In these 
experiments, only Kaldnes K1 media were applied. 
Five sets of attached-growth batch experiments were conducted at 20 °C and two 
sets were conducted at 5 °C. All experiments were operated as follows: 
1. Cultivation of attached-growth media. In this step, 800 mL attached-growth media 




rate of 9 mL/min. This system was kept at the target temperature for at least one week 
to allow the microorganisms to adjust to their surroundings. 
2. Preparation for attached-growth batch experiments. In this step, 6 L SWW was added 
to each pail. Aeration and mixture were initiated 12 hours before adding the attached-
growth medium to allow temperature and DO to get to steady state. 
3. Attached-growth experiments. A specific volume of attached-growth media was 
transferred from the beaker to each pail. Samples were collected twice a day and were 
analyzed for pH, temperature, DO, ammonia-N, nitrite-N, and nitrate-N 
measurements.  
 




3.2 Materials and Analytical Methods 
3.2.1 Synthetic Wastewater (SWW) 
SWW was used for all experiments in this study. SWW containing roughly 40 mg/L 
ammonia-N was prepared by dissolving ammonia chloride in dechlorinated tap water. This 
ammonia-N loading was determined based on the average influent ammonia-N 
concentration at Wingate lagoon system (See Figure 2.2). No organic carbon was included 
in the SWW. The composition of Purdue tap water, as reported by the Purdue water utility 
for some metals and other inorganic constituents, is included in Table 3.1 [48, 49]. 
 
Table 3.1. Composition of Purdue Tap Water with respect to common inorganic 
constituents. 




(mg/L as CaCO3) (mg/L as CaCO3) (mg/L) (mg/L) (mg/L) 
7 320 300 120 0.49 0.154 0.57 
 
According to the Consumer Confidence Report provided by Purdue University 
West Lafayette Campus Water Works, most nutrients required for nitrifiers growth are 
included in Purdue tap water [48]. Furthermore, tap water was dechlorinated by sodium 
bisulfite prior to use to minimize the influence of chlorine on microorganisms [50]. During 
dechlorination, sodium bisulfite was added at a concentration of 10 mg/L to tap water to 




residual chlorine concentration to ensure complete dechlorination. Free chlorine and total 
chlorine were measured by the DPD/KI Colorimetric Method [51]. Details of 
dechlorination are provided in Appendix A. 
3.2.2 Analytical Methods 
Samples were collected for measurements of pH, DO, temperature, ammonia-N, 
nitrite-N, and nitrate-N.  
pH was measured by an Accumet model 50 pH/ion/conductivity meter (Fisher 
Scientific) connected to a ROSS Ultra combination pH electrode (ORION). DO and 
temperature were measured by a YSI 550A DO meter. Ammonia-N was measured by an 
Accumet model 50 pH/ion/conductivity meter (Fisher Scientific) connected to a 95-12 
ammonia electrode (ORION). The measurements and standards for ammonia-N are 
described in Appendix B. Nitrite-N and nitrate-N were measured by an Ion 
Chromatography (DIONEX) using an IonPac AS19 4*25 mm Analytical column (RFIC) 





CHAPTER 4. RESULTS AND DISCUSSION 
4.1 Mini BOBBER Experiments 
The mini BOBBER experiments were conducted over a period of 101 days, during 
which time the performance of each system was monitored using daily measurements of 
influent and effluent quality. Operating parameters including pH, DO, and temperature 
were measured daily, and remained stable during the entire experiment. 
4.1.1 pH  
Figure 4.1 illustrates time-course pH measurements from the mini BOBBER 
experiments. The pH decreased from an initial value of roughly 8.5 to a range of 7.0 to 7.5 
within roughly 10 days of initiation of the experiment, which was appropriate for nitrifier 
growth.  
Equations (1) and (2) indicate consumption of alkalinity of 7.1 mg/L as CaCO3 for 
every 1 mg/L of ammonia-N. Therefore, with an average ammonia-N loading at 40 mg/L 
as ammonia-N, the alkalinity consumption would be 283 mg/L as CaCO3. The alkalinity 
in tap water received in these experiments was reported to be 320 mg/L as CaCO3 [49]. 
Therefore, much of alkalinity in tap water was consumed by the nitrification process. The 





Figure 4.1. Time-course measurements of pH in the mini BOBBER experiments. Also 
included is the average water temperature during each stage of the 
experiment; the vertical, dashed lines indicate dates at which room 
temperature was changed. 
4.1.2 Temperature  
Time-course measurements of air and water temperature in the constant 
temperature room during the mini BOBBER experiments are illustrated in Figure 4.2. Over 
the course of this experiment, temperature was decreased step by step from 19.6 °C to 
4.6 °C, in roughly 5 °C increments. In the first stage, average air temperature was roughly 
1.5 °C higher than average water temperature (19.6 °C). As temperature decreased, the 
difference between air temperature and water temperature started to decrease. However, as 
temperature decreased, air temperature in the temperature controlled room was more 
























intensive fluctuation.  
The compressor in the temperature control room was frozen with ice and did not 
work during the period from day 85 to day 93, which caused a temperature jump to 7 ， °C. 
This temperature jump caused a decrease on ammonia-N concentration (See Figure 4.4) 
which indicated a higher ammonia-N removal rate during that jump period. 
 
Figure 4.2. Time-course measurements of temperature during the mini BOBBER 
experiments. Also included is the average water temperature during each stage 
of the experiment; the vertical, dashed lines indicate dates at which room 
temperature was changed. 
 
4.1.3 DO  


































So the impact on DO by both types of media should be same.  
In general, the DO concentration in the two mini BOBBER systems were quite 
uniform, and close to the equilibrium DO concentration corresponding to each water 
temperature condition.  Equilibrium dissolved oxygen concentration for each of the four 
temperature conditions are included in Figure 4.3 for comparison. However, a sink in DO 
was observed in first 10 days of the experiment (Figure 4.3). The primary reason for DO 
depletion during this stage of the experiment is believed to be the rapid changes in the 
nitrifier population, which was attributable to the high initial ammonia-N concentration in 
the mini BOBBER tanks. Therefore, DO measurements from the first 10 days of the 
experiment were not included in the calculation for average DO for each stage. 
Similar to Figure 4.2, DO in Figure 4.3 also had 4 stages respected to temperature 
change. As discussed in 1.2.3.1, saturated DO increases when temperature decreases. As a 
result, saturated DO in mini BOBBER experiments should also experience 4 stages. The 
average real DO and equilibrium DO (calculated from Figure 1.2) under 4 temperature 
conditions were listed in Table 4.1. 
Table 4.1. Average Measured DO and Equilibrium DO at different temperature. 
Temperature ( °C) Real DO (mg/L) 
Equilibrium DO 
(mg/L) 
19.7 8.72  9.15  
14.3 10.54  10.24  
9.6 12.06  11.40  
4.6 12.59  12.90  
According to Eq. (1) and Eq. (2), the consumption of DO by 1 mg/L as ammonia-




total DO demand for a single BOBBER reactor should be 1411.2 mg/day. However, no 
distinct discrepancy between measured DO and equilibrium DO was observed from Figure 
4.3 and Table 4.1. This implies that O2 transfer for the aeration system was sufficient to 
meet the O2 demand expressed by the nitrifying bacteria. Therefore, DO is not growth 
limiting in the mini BOBBERs experiment. Additionally, the DO concentration in the tank 
with Kaldnes K1 media started to be consistently lower than in the tank with the RK media 
during the lowest temperature period. The possible reason for this is the difference in 
mixing behaviour caused by the size and shape diversity between two types of media. 
 
Figure 4.3. Time-course measurements of DO in the mini BOBBER experiments. Also 
included are equilibrium DO concentrations corresponding to average water 
temperature in each stage of the experiment. 
4.1.4 Ammonia-N  
Figure 4.4 illustrates time-course measurements of ammonia-N concentration for 










































the first 10 days of the experiment. Then ammonia-N concentration reached steady-state 
roughly at first temperature stage. Comparatively small changes of ammonia-N 
concentration were observed during the three subsequent temperature stages (See Figure 
4.4). 
The rapid ammonia-N concentration decrease during the first 10 days of the 
experiment was probably due to a rapid increase of the concentration of nitrifiers, which 
was promoted by a high initial ammonia-N concentration (roughly 45 mg/L as ammonia-
N). As described above, this period was also characterized by a rapid decrease of DO. For 
reasons similar to the description provided above, average ammonia-N concentration in the 
effluent was calculated without data from the first 10 days of the experiment. 
The average ammonia-N concentration in both mini BOBBER tanks during the four 
stages of the experiment are listed in Table 4.2. As temperature decreased, the average 
ammonia-N concentration increased slightly. However, effluent ammonia-N concentration 











Table 4.2. Average ammonia-N concentration in both mini BOBBER tanks. 
 
Ammonia-N (mg/L) 
Temperature ( °C) Kaldnes K1 media RK media 
19.7 0.76  0.81  
14.3 0.80  0.77  
9.6 0.91  0.98  















































Figure 4.4. Ammonia-N data of mini BOBBER experiments. Also included are daily 
ammonia-N concentrations of both mini BOBBER systems corresponding to 
average water temperature in each stage of the experiment. Upper panel gives 
the general ammonia-N concentration in both feeding tank and reactor, while 
the lower panel gives a more detailed ammonia-N concentration in the reactor 
with small vertical scale. 
4.1.5 Nitrite-N and Nitrate-N  
Time-course measurements of Nitrite-N and nitrate-N for the mini BOBBER 
experiments are illustrated in Figure 4.5. The nitrite-N and nitrate-N concentrations in the 
reactor with Kaldnes K1 media achieved equilibrium faster than the reactor with RK media. 













































smaller in size, the mixing for Kaldnes K1 media could be more efficient, which could lead 
to faster consumption of ammonia-N. 
However, as the initial ammonia-N in both reactors were depleted, nitrite-N and 
nitrate-N in both reactors achieved steady-state concentration. Additionally, merely all 
nitrite-N in both reactors were converted to nitrate-N. In this case, ammonia-N loading 
seemed to be the growth limiting factor and the surface area for both types of media were 
not fully utilized. Therefore, in spite of the difference in specific surface area for both types 
of media, the steady-state nitrite-N and nitrate-N concentrations in both media are very 
close. 
 
Figure 4.5. Nitrite-N and nitrate-N data of mini BOBBER experiments. Also included are 
daily nitrite-N and nitrate-N concentrations of both mini BOBBER systems 













































4.1.6 Nitrogen Balance  
Nitrogen balances were conducted for both mini BOBBER reactors based on the 
assumptions that all nitrogen in the system existed as ammonia-N, nitrite-N, and nitrate-N. 
Therefore, the nitrogen balance calculations were conducted under the assumption that no 
molecular nitrogen (N2) or other forms of nitrogen (e.g., N2O) were present in the system.  
No measurements of N2 or N2O were included in this research. Therefore, formation of N2 
or N2O in the liquid phase, or escape of these compounds from the liquid phase to the gas 
phase was not accounted for in this model.  Based on these assumptions, a nitrogen balance 
was developed as shown in Eq. (9): 
Ctotal,N=Cammonia,N+Cnitirite,N+Cnitrate,N    (9) 
Figure 4.6 illustrates the time-course behavior of Ctotal,N from these nitrogen balance 
calculations for both reactors.  The total nitrogen for both systems was dominated by 
nitrate-N for the majority of the period of these experiments, exclusive of the induction 
period (first 10-15 days), even after the temperature was reduced to 4.6 °C. This indicates 
that the BOBBER reactors with both types of media were able to convert most ammonia-






Figure 4.6. Nitrogen balance: (a) upper panel, nitrogen balance of the system using 








0 20 40 60 80 100 120
nitrate-N Kaldnes K1 media
nitrite-N Kaldnes K1 media
ammonia-N Kaldnes K1 media































































4.1.7 Specific Ammonia-N Removal Rate  
Calculations of ammonia removal rate were conducted by application of the 
principles of mass balance, using the same assumptions described in 4.1.6. In addition, the 
reactor systems were each assumed to be well-mixed and only the media surface were 
counted in the calculation. For these calculations, each BOBBER reactor system was 
treated as a control volume. Eq. (10) describes the dynamic behaviour of ammonia-N in 






-QS-q     (10) 
Where: S = substrate (NH3-N) concentration in the reactor (mg/L as N), Q = volumetric 
flow rate of the system (L/day), Sf = substrate concentration in the feed tank (mg/L as N), 
q = substrate removal rate (mg N/day). 
The change of substrate concentration from t to t+Δt day was approximated by a 
finite-difference approximation, as described in Eq. (11). The substrate concentration at a 










      (12) 
Where: St = substrate concentration at t days (mg/L as N), Δt = time interval (1 day, in 
this case). 
Substituting Eq. (11) and Eq. (12) into Eq. (10) and rearranging allows development 











The specific ammonia-N removal rate was estimated by dividing the ammonia-N 
removal rate by specific surface area of the media in the control volume. 
Figure 4.7 illustrates the specific ammonia-N removal rate as a function of time for 
both reactor systems over the course of this experiment. Table 4.3 provides a summary of 
the mean and standard deviation of the specific ammonia-N removal rate for both systems 
in all four phases of the experiment. Collectively, these summaries indicate that the two 
systems achieved similar ammonia-N removal rates after the initial period of acclimation. 
Temperature did not appear to alter the rate of ammonia-N removal substantially under this 
operating condition.  
 
Table 4.3. Average specific ammonia-N removal rate at different temperatures. 
 Specific ammonia-N removal rate (g/day/m2) 
Temperature Kaldnes K1 media RK media 
19.7 C 1.41+0.23 0.59+0.13 
14.3 C 1.14+0.17 0.46+0.07 
9.6 C 1.07+0.20 0.43+0.06 
4.6 C 1.07+0.32 0.42+0.12 








Figure 4.7. Specific ammonia-N removal rate of mini BOBBER experiments. Also 
included the average specific ammonia-N removal rate during each 
temperature stage. 
 
According to Table 4.1 and Figure 4.7, the discrepancy on specific ammonia-N 
removal rate between Kaldnes K1 media and RK media was caused by the different specific 
area they have. RK media had a larger specific surface area than Kaldnes K1 media. 
However, the ammonia-N removal rate for both media types were observed to be 
essentially identical. As a result, the specific ammonia-N removal rate of RK media should 
be smaller since the same ammonia-N removal rate as Kaldnes K1 media was divided by 
a relatively larger specific surface area. Also recall from 4.1.5 and 4.1.6 that the surface 



















































the future application, attached-growth media could be utilized more efficiently if they are 
applied with proper volume with regard to the specific ammonia-N loading. 
4.2 Nitrification at Wingate Lagoon System 
Installation of the BOBBER reactors in the second lagoon at the Wingate was 
completed in October 2011. Water quality data for the influent and effluent of the Wingate 
lagoon system was collected once every two weeks by Bradley Environmental. Included 
in this data set were measurements of influent and effluent ammonia-N (see Figure 2.2).  
The specific ammonia-N removal rate (for each measurement) at Wingate was 
calculated using a mass balance approach, and analogous assumptions to those described 
above for the laboratory experiments with the mini BOBBER systems. These assumptions 
included: the lagoon system was at steady-state during each sample interval; nitrogen only 
existed in forms of ammonia-N, nitrite-N, nitrate-N; no loss of nitrogen in other forms to 
air nor other phases; and the lagoons were each well-mixed. The specific ammonia-N 
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     (15) 
Where: Sin= influent substrate concentration (mg/L as N), Sout = influent substrate 




surface area of the attached media (m2 /m3 media), q = substrate removal rate (mg/day as 
ammonia-N), V= volume of attached media (m3 media). 
4.2.1 Improvement on Ammonia-N Removal by Application of BOBBER Reactors 
As described above, the BOBBER reactors were installed in October 2011 in the 
Wingate second lagoon, so only influent and effluent ammonia-N concentration for the 
second lagoon were used to calculate specific ammonia-N removal rate. Furthermore, only 
the data collected at low temperatures were presented to illustrate the improvement on low 
temperature nitrification. Table 4.4 provides a summary of average influent and effluent 
ammonia-N concentrations, temperatures, and ammonia-N removal fractions (calculated 
from each set of measurement) before and after the installation of BOBBER reactors. 
Clearly, ammonia-N removal improved under low temperature conditions after the 
BOBBERs were installed. The observed average ammonia-N removal rate at low 


















(mg/L as N) 
Sout  






4.7 16.7 9.12 45% 
6.5 20.9 13.1 37% 
6 21.5 20.6 4% 




7 3.2 0.17 95% 
4.5 17.94 3.1 83% 
3.5 25 6.3 75% 
3.7 23 9.4 59% 
5.2 19 7.6 60% 
4.3 24.5 7.1 71% 
4.4 26.3 7.5 71% 
5.4 24.6 5.4 78% 
5.5 20 5.3 74% 
4.2.2 Nitrification at Low Temperatures with BOBBER Reactors 
The specific ammonia-N removal rate at the Wingate lagoon system under low 
temperature conditions is summarized in Table 4.5. Data collected during warm periods 
were not included since most of ammonia-N were removed in Wingate first lagoon when 
temperature was mild. And Kaldnes K1 media was assumed to be the only surface that 
nitrifiers would attach on. 
The second column in Table 4.5 lists the bulk ammonia-N concentration in second 




experiments at 5 °C (1.5 mg/L), the bulk ammonia-N concentration in Wingate second 
lagoon at 5 °C (11.1 mg/L) was much higher. Possible explanations for this will be 
presented in 4.4. 
From Table 4.3 and Table 4.5, specific ammonia removal rate at 5 °C observed at 
the Wingate second lagoon (approximately 74%) was smaller than the specific ammonia 
removal rate at 5 °C observed from mini BOBBER experiments (Over 95%). One possible 
reason is that the ammonia-N loading at the Wingate is less than the ammonia-N loading 
used in the mini-BOBBER experiment. 
 









4.5 7.01 82.7% 0.54  
3.5 12.1 74.8% 0.56  
3.7 14.7 59.1% 0.79  
5.2 11.5 60.0% 0.37  
4.3 12.3 71.0% 0.47  
4.4 13.5 71.5% 0.70  
5.4 11.5 78.0% 0.86  
5.5 6.1 73.5% 1.01  
4.3 Attached-Growth Batch Experiment 
Attached-growth batch experiments were conducted at 20 °C and 5 °C. 
Experiments at both temperatures showed a zero-order relationship between ammonia-N 




observed under different temperatures. 
4.3.1 Attached-growth Batch Experiments at 20 °C 
 Attached-growth batch experiments at 20 °C without nitrogen balance 
Four sets of experiments were conducted following the steps described in 3.1.2. 
Experiments #1 and #2 involved 400 mL attached media, while experiments #3 and #4 
involved 200 mL attached media. Figure 4.8 illustrates time-course behavior of pH and 
DO.  
An overall decrease in pH was observed in all four sets of experiments. The trend 
of decreasing pH was not evident at the beginning, probably due to the alkalinity of the tap 
water which compensated the bacteria’s activities. The change in pH was similar to that 
reported above for the mini BOBBER system (see 4.1.1). The final pH was roughly 7.4, 
which was in the favorable range for nitrifiers (7.0 to 8.0 for Nitrosomonas and 7.3 to 8.2 
for Nitrobacter). As a result, pH seemed not to be an influence factor in these four sets of 
attached-growth batch experiments. 
A DO decline of roughly 2 mg/L was observed in the first two hours of the batch 
experiment. Then DO was relatively stable for several hours, with an increase near the end 
of the experiment. In the first two hours, the rate of oxygen transfer by aeration was smaller 






Figure 4.8. Time-course pH (upper) and DO (lower) measurements of attached-growth 
batch experiments at 20 °C without nitrogen balance. Two sets of experiment 
with 400 mL media and the other two sets with 200 mL media. 
 
Figure 4.9 illustrates the time-course behavior of ammonia-N concentration. The 
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rate. According to Figure 4.9, it was evident that ammonia-N concentration had linear 
relationship with ammonia-N concentration even when the ammonia-N concentration 
decreased to 2% initial concentration. This linear relationship indicated that ammonia-N 
removal rate was independent of ammonia-N concentration. As a result, the nitrification 
process could be treated as zero-order process for the range of ammonia-N concentrations 
(mg/L as N) used in this study: 45 mg/L to as low as 1 mg/L. 
 
Figure 4.9. Time-course ammonia-N concentration measurements of attached-growth 
batch experiments at 20 °C without nitrogen balance. Two sets of experiment 
with 400 mL media and the other two sets with 200 mL media. 
 Attached-growth batch experiments at 20 °C with nitrogen balance 
This experiment was conducted following the procedures described in 3.1.2. 
Changes of pH and DO over time are illustrated in Figure 4.10. Changes in pH were similar 
y = -3.3676x + 43.793
R² = 0.9984
y = -2.7555x + 40.717
R² = 0.9992
y = -1.7393x + 40.508
R² = 0.9985
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to those observed and discussed in 4.3.1.1. As to DO, the decrease in DO was not observed 
at the beginning of this experiment since the initial DO was not at saturated level 
(According to Figure 1.2, the saturated DO concentration at 20 °C should be 9.07 mg/L). 
However, the behavior of DO in the rest of experiment time was similar to the discussion 
in 4.3.1.1. 
 
Figure 4.10. Time-course pH and DO measurements of attached-growth batch 
experiments at 20 °C with nitrogen balance.  
 
Figure 4.11 illustrates the time-course behavior of the concentration of various 
forms of N, including ammonia-N, nitrite-N, nitrate-N, and total-N (the sum of ammonia-
N, nitrite-N, and nitrate-N). The ammonia-N removal rate was essentially constant (zero-
order), as with the experiment discussed in 4.3.1.1. Slow but steady accumulation of nitrite-
N was observed, which indicates the nitrite oxidizing process was the rate limiting process 










































other pathways for nitrogen, such as ammonia volatilization and assimilation by 
microorganisms. 
 
Figure 4.11. Time-course behavior of measured forms of N in attached-growth batch 
experiments at 20 °C. 
4.3.2 Attached-growth Batch Experiments at 5 °C 
Two sets of attached-growth batch experiments were conducted at 5 °C. Figure 4.12 
illustrates time-course changes of DO and pH for these experiments. pH change showed 
similar behavior as what was observed and discussed in attached-growth batch experiments 
at 20 °C.  











































Changes in DO concentration were smaller in this experiment than in the 
experiment at 20 C, and the DO concentration was substantially higher in the low-
temperature experiment, which could be contributable to the greater solubility of O2 in 
water at low temperature. The equilibrium DO concentration at the average temperature of 
this experiment (4.6 °C) is 12.92 mg/L (Obtained from Figure 1.2). The observed average 
DO in the 5 °C attached-growth batch experiments was 12.89 mg/L. Therefore, the DO 
concentration was essentially at the equilibrium condition for this experiment. One factor 
that may have contributed to this was the relatively slow DO consumption rate by nitrifying 
bacteria at 4.6 °C. 
 
 










































Figure 4.13 illustrates time-course measurements of N (ammonia-N, nitrite-N, 
nitrate-N, and total-N) concentration. The pattern of ammonia-N concentration was 
consistent with a zero-order process, but the rate dropped to roughly 20% of the rate at 
20 °C. This was reasonable because nitrifiers were highly temperature sensitive as 
discussed in 1.2.3.3. Furthermore, there was no detectable nitrite-N during these 
experiments at 5 °C, so nitrite oxidizing process should not be the rate limiting process at 
5 °C as compared to the observation in 4.3.1.2, which indicating that the Nitrobacter are 
less sensitive to temperature change. Slow decrease in total-nitrogen was also observed in 
the experiments at 5 °C, however, the observed decrease rate was halved.  
 
Figure 4.13. Substrate concentration to time relationship for attached-growth batch 
experiments at 5 °C with nitrogen balance. 
y = -0.3583x + 45.934
R² = 0.9886














































4.3.3 Specific Ammonia-N Removal Rate in Attached-growth Batch Experiments 
Table 4.6 presents a summary of the results of the seven attached-growth batch 




      (16) 
Where: A = specific surface area of the attached media (m2/mL media), R = ammonia-N 
removal rate (mg/hour/L as ammonia-N), Vm= the volume of attached media (mL media), 
V = the volume of SWW in batch reactor, q = specific ammonia-N removal rate 
(mg/hour/m2 as ammonia-N). R was calculated as the negative of slope of ammonia-N 
concentration as function of time from Figure 4.9, Figure 4.11, and Figure 4.13. 
 
















Temperature ( °C) 23.1 23.1 22.7 22.6 22.6 4.6 4.5 
medium volume (mL) 400 400 200 200 200 200 200 
Media surface area 
(m2) 
0.12 0.12 0.06 0.06 0.06 0.06 0.06 
Substrate removal rate 
(mg/L/hour) 
3.37 2.76 1.74 1.56 1.47 0.36 0.38 
Specific removal rate 
(mg/m2/hour) 





4.4 Comparison Between Mini BOBBER System and Real BOBBER System 
In the mini BOBBER experiments, efficient ammonia-N removal were achieved at 
various temperatures from 4.6 °C to 19.6 °C. The observed ammonia-N removal was over 
95%, even at 4.6 °C. However, ammonia-N removal at the Wingate second lagoon where 
the BOBBERs were installed was less efficient (approximately 71%). The average specific 
ammonia-N removal rate (at temperature 5 °C) at Wingate second lagoon was 0.66 
g/day/m2. And the average specific ammonia-N removal rate (at temperature 5 °C level) 
observed from mini BOBBER experiments was 1.07 g/day/m2.  
Possible reasons for the discrepancy between observations from mini BOBBER 
experiments and Wingate second lagoon are as following:  
 The mini BOBBER system was fed with pure ammonia solution without 
organic carbon. However, the existence of organic carbon and heterotrophs in 
real lagoon systems could hinder nitrification. 
 According to Table 4.4, the influent ammonia-N concentration into the second 
lagoon at Wingate was roughly 20 mg/L as N in cold-weather periods (During 
warm periods, the influent ammonia-N concentration into the second lagoon 
was round 2 mg/L as N). However, the feeding concentration used in mini 
BOBBER experiments was around 40 mg/L as ammonia-N. The lower 
ammonia-N loading could contribute to the lower ammonia-N removal rate at 
Wingate. For example, if the ammonia loading is lower than the nitrification 
rate, the nitrifiers will consume most of the ammonia-N, and the effluent 




 Nitrifiers in the mini BOBBER experiments were fed with a relatively stable 
ammonia-N loading. However, the ammonia-N loading at Wingate second 
lagoon was not so stable. During warm periods, almost all ammonia-N was 
oxidized in lagoon 1 and the influent ammonia-N concentration into the second 
lagoon was only around 2 mg/L (ammonia-N loading for mini BOBBER 
experiments was 40 mg/L). So the accumulation of nitrifiers was much slower 
and the nitrifying bacteria population stayed at relatively low level, as 
compared to mini BOBBER system. When temperature decreased, the 
ammonia-N loading in the Wingate second lagoon increased, possibly because 
there were not enough nitrifiers to deal with the large ammonia-N loading. As 
a result, the ammonia-N removal rate would decrease. 
 As rapid growth of nitrifying bacteria in a short period of time is not possible 
even with sufficient ammonia-N. The average bulk ammonia-N concentration 
in Wingate second lagoon (at temperature 5 °C level) was 11.1 mg/L, while the 
average bulk ammonia-N concentration in mini BOBBER system (at 
temperature 5 °C level) was approximately 1.5 mg/L. According to the 
relatively low ammonia-N removal rate with a higher bulk ammonia-N 
concentration observed at Wingate second lagoon, the main cause of this 




4.5 Comparison Between Mini BOBBER Experiments and Attached-Growth Batch 
Experiment 
According to Eq. (3), if nitrification displays zero-order behavior with respect to 
substrate concentration, the nitrification rate should be near the maximum nitrification rate, 
and should be independent of ammonia-N concentration. This was observed in attached-
growth batch experiments. However, the average ammonia-N removal rate (at temperature 
5 °C) observed from attached-growth batch experiments was 0.89 g/day/m2, which was 
smaller than what was observed in the mini BOBBER experiments. Theoretically, the 
ammonia-N removal rate obtained from attached-growth batch experiments should be 
close to the maximum ammonia removal rate.  
One possible explanation for this behavior is the surface area that was available to 
the nitrifying bacterial population. In the calculation of specific ammonia-N removal rate 
in the mini BOBBER experiments, only the area provided by the media was counted. 
However, there were other surfaces (i.e. surface of tank wall, surface of BOBBER reactor, 
etc.) that nitrifiers could attach to. In attached-growth batch experiments, the only surface 
area available for attachment by nitrifiers was the media (see Table 4.3). As a conclusion, 
the calculated ammonia-N removal rate in the mini BOBBER experiments was larger than 
its real ammonia-N removal rate because only the attached surface area provided by the 
attached media were counted. Assuming that the other surface area was 2 m2 (just a roughly 
estimation), the specific ammonia-N removal rate in the mini BOBBER experiments would 
be 0.51 g/day/m2 as N (19.7 °C), 0.41 g/day/m2 as N (14.3 °C), 0.39 g/day/m2 as N (9.6 °C), 




the attached-growth batch experiments (Maximum ammonia-N removal rate under specific 
temperature was observed in these experiments). Additionally, attach surface area at 
Wingate second lagoon is difficult to estimate, but there will be surfaces other than the 
media for the nitrifiers to attach to (including suspended growth nitrifiers). Ammonia-N 
removal efficiency for nitrifiers attached to the media may have been promoted by vigorous 
mixing within the BOBBER system, as compared to the nitrifiers that grew on surfaces 
outside the BOBBERs.  
4.6 Temperature Impacts on Attached-Growth Ammonia-N Removal Rate 
In the mini BOBBER experiments, no obvious change in ammonia-N removal rate 
was observed to result from temperature changes. This may have been caused by low 
ammonia loading. As shown in Figure 4.4, most ammonia-N was oxidized to nitrate in the 
mini BOBBER experiments, even at 5 °C. This suggests that the ammonia-N removal rate 
might have increased if the ammonia-N loading were increased during these experiments.  
In contrast, evident dependence of ammonia-N removal rate on temperature was 
observed in the attached-growth batch experiments. According to Table 4.6, the average 
ammonia-N removal rate at 22.8 °C was 157 mg/m2/hour, and the average ammonia-N 
removal rate at 4.55 °C was 37 mg/m2/hour.  
Rearrangement of Eq. (7) allows calculation of the maximum growth rate Km, based 
on measurements of could be calculated using Eq. (17) which is converted from Eq. (7): 
𝜇𝑚𝑎𝑥,𝑇1
𝜇𝑚𝑎𝑥,𝑇2





𝐾𝑚 = 𝑙𝑛 (
𝜇𝑚𝑎𝑥,𝑇1
𝜇𝑚𝑎𝑥,𝑇2
) (𝑇1 − 𝑇2)−1    (17) 
The calculated Km using the data from attached-growth batch experiments was 0.079 K
-1 
while the value reported by Stankewich for suspended/-growth nitrification is from 0.095 
K-1 to 0.12 K-1 [23]. Since attached-growth nitrification is less sensitive to temperature 
change than suspended-growth nitrification, a smaller Km value is expected, just as what 
was observed from the attached-growth batch experiments. And according to the research 
done by Delatolla, time-course attached-growth Km is given (see Figure 5.1) [52], which 
agreed with the observation from the attached-growth batch experiments.  
 












































CHAPTER 5. CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
According to the mini BOBBER experiments, attached-growth nitrification with 
mini BOBBER reactors was demonstrated to have efficient ammonia-N removal rate 
(>95%) under a large temperature variation (from 4.6 °C to 19.7 °C). However, the 
influence from organic carbon loading and nitrifiers growing on other surface (including 
suspended growing nitrifiers) were not explored.  
According to the data from Wingate lagoon system, the real ammonia-N removal 
rate was increased greatly after the installation of the BOBBER reactors. However, the 
improvement still needs to be validated under conditions of extended cold temperature. 
Attached-growth nitrification was observed to be less temperature sensitive than 
suspended-growth nitrifcation, which supports the application of attached-growth 
nitrification during cold periods. Additionally, the maximum ammonia-N removal rate 
under 4.7 °C and 22.6 °C were measured with SSW. However, these results were observed 
with simple ammonia-N loading, the performance with real wastewater still needs to be 
tested. 
Attached-growth nitrification (such as BOBBER reactors) has great potential to 
deal with ammonia-N under low temperature range. This could be applied in many small 




mechanical wastewater treatment plant). Additionally, pre-attached BOBBER reactors 
could be added to new constructed wastewater treatment systems, the pre-attached 
BOBBER reactors are easy to transport and install, and they are able to perform 
nitrification immediately after installation.  
5.2 Future Work 
SWW with organic carbon should be used in the future, for both mini-BOBBER 
experiments and attached-growth batch experiments. Both organic carbon sources and 
ammonia-N source should be added to make the SWW which should provide stable and 
sufficient carbon and ammonia-N loading. Therefore, the competition from heterotrophs 
could be addressed  
Furthermore, the results from the mini-BOBBER experiments and attached-growth 
batch experiments could be used to quantify the ammonia-N removal rate brought by the 
nitrifiers growing suspended or on surface other than attach media. A conversion factor 
could be determined so that the ammonia-N removal rate in a real BOBBER system could 
be estimated by given the running condition and system dimension. 
According to the previous data, ammonia-N removal was efficient in first lagoon 
during warm periods, which lead to less ammonia-N introduction to the second lagoon and 
less nitrifier accumulation in the BOBBER reactors. One possible solution to this problem 
is to run the first lagoon and second lagoon in parallel during warm periods to allow 




second lagoon could then be arranged in series if enough nitrifiers are present in the second 
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Appendix A. Dechlorination of tap water 
Tap water was dechlorinated by sodium bisulfite and sodium bisulfite was added 
excessively (0.01 g/L) to insure the fully dechlorination. And after dechlorination the free 
and total chlorine were measured by a Photometer 7500 (Palintest Instruments) using the 
DPD/KI method. 
During the measurement, a ground DPD-1 pill was added to a 10 mL water sample 
to measure free chlorine. Then a ground DPD-3 pill was added to the same sample, the 
total chlorine was measured after 2 minutes. Table A.1 shows 35 measurements of free and 
total chlorine, which indicates that the chlorine were removed efficiently and could not 
influence the growth of nitrifiers. 
Table A. 1 Dechlorination of tap water 
Sample time time 
Free chlorine  
 (mg/L as Cl2)  
Total chlorine  
(mg/L as Cl2) 
2013/6/12 0.02 0.02 
2013/6/13 0.01 0 
2013/6/14 0 0 
2013/6/15 0.01 0.03 
2013/6/16 0 0.04 
2013/6/17 0 0 
2013/6/18 0 0 
2013/6/19 0.01 0.02 
2013/6/20 0 0 
2013/6/21 0 0 
2013/6/22 0.01 0.02 




2013/6/24 0.01 0.02 
2013/6/25 0 0.01 
2013/6/26 0 0 
2013/6/27 0.01 0.02 
2013/6/28 0 0 
2013/6/29 0 0.01 
2013/7/1 0 0.01 
2013/7/2 0 0 
2013/7/3 0 0 
2013/7/5 0 0 
2013/7/6 0 0.02 
2013/7/8 0 0.01 
2013/7/9 0 0 
2013/7/11 0 0 
2013/7/12 0 0 
2013/7/13 0 0 
2013/7/14 0 0.01 
2013/7/15 n/a n/a 
2013/7/16 0 0.02 
2013/7/17 0 0.01 
2013/7/18 n/a n/a 
2013/7/19 0 0.02 
2013/7/20 0.01 0.02 






Appendix B. Measurement of Ammonia-N 
Ammonia-N was measured by an Accumet model 50 pH/ion/conductivity meter 
(Fisher Scientific) connected with a 95-12 ammonia electrode (ORION).  
The relationship between ammonia concentration and electrode potential is [53]: 
E = 𝐸0 − 𝑆 ∙ 𝑙𝑜𝑔[𝑁𝐻3]     (B-1) 
Where: E = measured electrode potential (mV), E0 = reference potential (mV), NH3 = 
ammonia concentration in solution (mg/L), S = electrode slope (mV/decade)  
For each measurement, a 100 mL sample was collected. Then 2 mL pH adjuster (10 
N sodium hydroxide) was added to the solution. After electrode potential reached a stable 
value (Decided by the pH meter), ammonia concentration was calculated using equation 
B-1. Standards were made by gravimetric addition of ammonium chloride to DI water at 
the concentration of 1 mg/L as N, 10 mg/L as N, and 100 mg/L. Figure B.1 is an example 





Figure B. 1 Ammonia standard curve for 2013/9/9. 
 
Temperature is known to affect the slope of the ammonia electrode response curve.  
At a concentration of 10-3 M, a 1 °C temperature change could result in 2% error [53]. To 
reduce error, standards were made and the standard curve was developed at the temperature 
corresponding to the water temperature of the experiment at the time of the measurement. 
  































Appendix C. Measure of nitrite-N and nitrate-N 
Nitrite-N and nitrate-N were measured by Ion Chromatography (IC).  
Each sample collected was first filtered by a 25mm Syringe Filter with 0.45 μm 
PTFE membrane filter. Then the samples were diluted from 2 mL to 10 mL using DI water. 
After that 2 mL of each diluted sample were transferred to a HPLC vial for analysis by an 
Ion Chromatography (DIONEX) equipped with IonPac AS19 4*250 mm Analytical 
column (RFIC) and IonPac AG19 4*50mm guard column. The eluent hydroxide 
concentration was set at 20 mM. 
The relation between negative ion concentration (mg/L as N) and peak area 
(μS*min) at the respect retention time is depicted as bellowing: 
A = 𝑆 ∙ C     (C-1) 
Where: A = peak area at the retention time respect to the target ion (μS*min), S = slope, C 
= negative ion concentration (mg/L as N). S could be acquired from a series of standard 
solutions.  
And nitrite-N standard was made by diluting sodium nitrite with nano-pure water 
at the concentration of 2 mg/L as N, 4 mg/L as N, 6 mg/L, 8 mg/L, and 12 mg/L (This 
range was decided in order to have a clear linearization between peak area and anion 
concentration without any adverse impact on IC). Figure C.1 is an example for the nitrite-
N standard. Nitrate-N standard was prepared as same as nitrite-N standard using sodium 





Figure C. 1 nitrite-N standard on 2013/9/8 
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